Background: Epertinib (S-222611) is a potent reversible inhibitor of HER2, EGFR and HER4. This trial evaluated the safety, tolerability, pharmacokinetics and antitumour activity of daily oral epertinib combined with trastuzumab (arm A), with trastuzumab plus vinorelbine (arm B) or with trastuzumab plus capecitabine (arm C), in patients with HER2positive metastatic breast cancer (MBC). Methods: Eligible patients, with or without brain metastases, had received prior HER2-directed therapy. A doseescalation phase determined the tolerability of each combination and established a dose for further study. Further, patients were recruited to expansion cohorts in each of the 3 arms to further explore efficacy and safety. Results: The recommended doses of epertinib were 600 mg, 200 mg and 400 mg in arms A, B and C, respectively. The most frequent grade 3/4 adverse event (AE) was diarrhoea in all arms, which was manageable with medical intervention and dose modification. The objective response rate (complete response [CR] plus partial response [PR]) in heavily pre-treated HER2-positive MBC patients at the recommended doses of epertinib combined with trastuzumab was 67% (N = 9), with trastuzumab plus vinorelbine was 0% (N = 5) and with trastuzumab plus capecitabine was 56% (N = 9). Notably, 4 of 6 patients previously treated with T-DM1 responded in the arm A expansion cohort (epertinib plus trastuzumab). In the arm C expansion cohort (epertinib plus trastuzumab plus capecitabine), 4 of 7 patients responded despite previous exposure to capecitabine. Measurable regression of brain metastases was observed in patients with CNS target lesions treated in both arms A and C. Conclusion: We observed safety, tolerability and encouraging antitumour activity of epertinib combined with trastuzumab, or with trastuzumab plus capecitabine. This supports further evaluation of these combinations in patients with pre-treated HER2-positive MBC, with or without brain metastases.
Background
Overexpression of the human epidermal growth factor receptor 2 (HER2) is found in 15-20% of patients with breast cancer and denotes an aggressive subtype of the disease [1] [2] [3] . Outcomes have improved substantially with the development of trastuzumab and subsequently other anti-HER2 agents including pertuzumab, ado-trastuzumab emtansine (T-DM1) and lapatinib. Metastatic HER2-positive cancer will often respond to sequential lines of HER2-targeted therapy, indicating an ongoing dependence on HER2 signalling. Hence, current management protocols comprise first-line trastuzumab and pertuzumab with taxane [4] , and second-line T-DM1 [5] . Lapatinib and capecitabine are considered an option in the third-line setting [6] . Given the development of resistance to existing drugs, and the ongoing dependence on HER2, there is a potential role for additional HER2-targeting therapies. Furthermore, there remains an unmet need for drugs with greater penetration of the central nervous system (CNS).
Epertinib (S-222611, Shionogi & Co. Ltd., Osaka, Japan) is an orally active, reversible, selective and potent inhibitor of the epidermal growth factor receptor (EGFR), HER2 and HER4 receptor tyrosine kinases. Compared with lapatinib, epertinib showed more prolonged inhibition of phosphorylation of EGFR and HER2 in vitro, and 4-6-fold greater antitumour potency in mouse xenograft models [7] . Superior survival was also observed in a brain metastasis model of breast cancer, with good penetration to CNS tumours [7, 8] . A phase I study conducted in patients with various solid tumours, driven by EGFR and/or HER2, with or without brain metastases, demonstrated that once-daily dosing of epertinib monotherapy at 800 mg was well-tolerated [9, 10] . Promising antitumour activity was also observed, particularly in HER2-positive metastatic breast cancer (MBC), including partial regression of brain metastases [9, 10] .
In this study, we evaluated the safety, tolerability, pharmacokinetics (PK) and efficacy of epertinib in combination with trastuzumab, or with trastuzumab plus chemotherapy (either vinorelbine or capecitabine). We recruited heavily pre-treated patients with HER2-positive breast cancer, with or without brain metastases, aiming to determine the recommended dose of epertinib in each combination and to select the most promising regimen for future clinical studies.
Methods

Patients
Eligible patients were ≥ 18 years old with histologically and/or cytologically confirmed HER2-positive metastatic breast cancer who had previously been treated with any anti-HER2 therapy and then progressed. To assess expression of HER2, fresh tumour biopsies or archival tissue were used, and HER2 status could be confirmed by either central or local assessment. Other eligibility criteria included measurable disease as per Response Evaluation Criteria In Solid Tumours (RECIST) v1.1, an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and adequate bone marrow, renal, hepatic and left ventricular function. Patients who had previously received vinorelbine and/or capecitabine were eligible, as were patients with brain metastases. Concomitant medication with strong CYP3A4 inhibitors/inducers, or with CYP3A4 substrates with a narrow therapeutic index, was prohibited. This study was approved after review by the relevant regulatory and independent ethics committees (EudraCT Number: 2013-003894-87) and was conducted in accordance with the Declaration of Helsinki and International Conference on Harmonization Good Clinical Practice. All patients provided written informed consent before enrolment.
Study design and drug administration
This phase I/II, multi-centre, open-label study comprised dose-escalation and expansion components to evaluate safety, tolerability, PK and preliminary antitumour activity of epertinib administered orally once a day in combination with trastuzumab (arm A), trastuzumab plus vinorelbine (arm B) or trastuzumab plus capecitabine (arm C). Epertinib oral dosing started on day 3 of cycle 1 (after 48 h PK blood sampling for capecitabine or vinorelbine) and then administered continuously. The protocol-specified duration of study treatment was 36 weeks unless there was radiographically documented disease progression or dose-limiting or intolerable toxicity. After 36 weeks participants who were benefiting could continue to receive epertinib via a separate named patient program.
In the dose-escalation component, a modified '3 + 3' design was used to assess the safety and tolerability of each combination. The dose of epertinib was escalated from the initial dose (400 mg in arm A and 200 mg in arms B and C) provided at least 3 subjects had completed 21 days' treatment with no dose-limiting toxicity (DLT). If any one of the first 3 subjects experienced DLT, up to 4 further subjects were enrolled at that dose level, with dose escalation proceeding if at least 6 subjects completed 21 days' treatment with no more than 1 DLT. Protocol-specified DLTs included uncomplicated grade 4 neutropenia for ≥ 7 days or neutropenia of any duration associated with fever > 38.5°C, grade 3 thrombocytopenia associated with bleeding requiring platelet transfusion; grade 3 or 4 non-haematologic toxicity (except incompletely treated nausea, vomiting, or diarrhoea); persistent grade ≥ 2 diarrhoea or nausea and/ or grade > 1 vomiting for 7 or more days despite supportive care; and a decline in LVEF by ≥ 10% from baseline.
Trastuzumab was given intravenously at 8 mg/kg as an initial dose and subsequently 6 mg/kg, or at 600 mg/5 mL fixed dose subcutaneously, once every 3 weeks. Patients in arm B additionally received vinorelbine 60 mg/ m 2 orally on days 1 and 8 of a 21-day cycle, and patients in arm C received capecitabine 1000 mg/m 2 orally twice daily for 14 days followed by a 7-day rest period (21-day cycles). Loperamide could be used to treat diarrhoea but was not used for prophylaxis. Arms were expanded up to a further 9 evaluable patients to obtain confirmatory tolerability and PK data to determine a recommended dose for future clinical studies.
All adverse events (AEs) were monitored and coded using National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0. Participants were treated until disease progression, treatment-emergent toxicities or withdrawal of consent.
Pharmacokinetic analysis
Blood samples were assayed for PK profiles of the concomitant anticancer drugs (CADs) on 2 occasions, before (Day 1-3) and after (Day 22-24) introduction of epertinib. Dosing with epertinib commenced orally once per day on day 3, after the last blood sample of the first CDA PK profile. PK profiles of the CAD in presence of epertinib and epertinib (its active de-alkylated and lactam metabolites) were obtained when the patient had received at least 10 consecutive days of combination therapy. PK sampling was performed at the following times during treatment; pre dose, 1, 2, 4, 6, 8, 12, 24 and 48 hours post dose for analysis of vinorelbine, and pre dose, 0.5, 1, 2, 4, 6, 8, and 12 hours post dose for capecitabine and its major metabolites (5-fluorouracil and alpha-fluoro-beta-alanin). The blood samples on day 22 and 23 were analysed for PK analysis of epertinib, and its active de-alkylated and lactam metabolites (pre dose, 1, 2, 4, 6, 8, 12 and 24 hours post dose).
Tumour evaluation
Tumour response was assessed by each investigator at 6-to 9-week intervals according to RECIST v1.1. Patients who had at least one additional scan after the baseline or patients who had no additional scan but discontinued due to clinical disease progression were considered evaluable for response. The objective response rate (ORR), comprising the proportion of patients achieving complete response (CR) or partial response (PR), and clinical benefit rate (CBR; the proportion of patients achieving CR, PR or stable disease [SD] ≥ 6 months) were summarised.
Results
A total of 45 patients with HER2-positive metastatic breast cancer were enrolled between August 2014 and November 2015 at 8 sites in the UK and France. Patient demographics and baseline characteristics are summarised in Table 1 . Of the 45 patients enrolled, 38 (84%) had received at least 4 lines of prior anti-cancer therapy. All 45 patients (100%) had previously received trastuzumab, 31 (69%) had also received T-DM1 and 19 (42%) had received lapatinib. Patient disposition is summarised in Additional file 1: Figure S1 .
Safety and tolerability
Adverse events occurring in at least 10% of patients are summarised in Table 2 . Overall, the most frequently reported AEs were diarrhoea, nausea, increased bilirubin, decreased appetite and vomiting. Diarrhoea was generally managed with drugs such as loperamide and sometimes by holding and/or reducing the dose of epertinib. Grade 3 diarrhoea was reported in 16 patients (36%) with a median duration of 3 days and maximum duration of 8 days per event. Nausea and vomiting were generally low grade. Blood bilirubin elevation, previously reported with epertinib [9, 10] , was not associated with elevation of liver enzymes or haematological abnormalities, except for one patient who experienced liver dysfunction which was subsequently shown to be due to progression of hepatic metastases. Neutropenia was observed in arm B (57%). The incidence of palmar-plantar erythrodysaesthesia was greatest in arm C (65%).
In arm A, grade 3 diarrhoea during the first 21-day period of daily dosing with epertinib was observed in 4 of 7 patients at the 800-mg dose level. Although only 1 formal DLT was observed, this dose was not considered to be well-tolerated, and therefore, 600 mg was the dose recommended for further study of this combination with trastuzumab. Four of 9 patients in the 600 mg cohort had a dose reduction because of AEs, but no patients permanently discontinued treatment because of toxicity. In arm B, 200 mg was determined as the maximum tolerable dose (MTD) because 2 patients in the 400-mg cohort experienced DLTs (grade 4 neutropenia > 7 days, N = 2). No patient in the 200-mg cohort discontinued treatment because of AEs. In arm C, 600 mg was not considered to be well-tolerated because withdrawal of the study drug due to grade 3 diarrhoea lasting less than 7 days (N = 1), or blood bilirubin elevation (N = 1), was required in 2 of the 4 patients during cycle 1. Although these were not pre-defined DLTs, 400 mg was defined as the recommended dose. Two of 9 patients in the 400mg cohort required dose reduction of epertinib because of AEs, but no permanent discontinuation was required. No grade 5 toxicity was observed across all arms.
Pharmacokinetic analysis
No relevant differences between treatment arms, or in the presence and absence of concomitant drugs, were found in PK parameters for epertinib and its metabolites (Additional file 3: Table S1 ). Similarly, the presence of epertinib appeared to have no significant effect on the PK of vinorelbine and capecitabine (Additional file 3: Tables S2-S4 ). PK analysis was not performed in the 400-mg cohort in arm B due to temporary drug discontinuation for safety purposes during cycle 1.
Antitumour activity
Forty-four of the 45 patients enrolled were evaluable for tumour response. One patient discontinued without any efficacy evaluation due to DLT at 800 mg in arm A. The tumour response for each arm and dose are summarised in Table 3 . The magnitude of response and duration of treatment for patients receiving epertinib at the clinically recommended dose or MTD in arms A, B and C are summarised in Fig. 1 a and b .
In arm A, the ORR at 600 mg epertinib was 67% (6/9 patients). Notably, 4 of 6 patients pre-treated with T-DM1, and 5 of 7 patients pre-treated with capecitabine, Clinical benefit is defined as objective response plus SD at 6 months Abbreviations: T trastuzumab, V vinorelbine, C capecitabine, BOR best overall response, CR complete response, PR partial response, SD stable disease, CBR clinical benefit rate, PD progressive disease AST increased 2 (9.5) 0 3 (42.9) 0 4 (23.5) 1 (5.9) 9 (20.0) 1 (2.2)
Weight decreased 2 (9.5) 0 0 0 3 (17.6) 0 5 (11.1) 0
Abbreviations: T trastuzumab, V vinorelbine, C capecitabine experienced PR in this cohort. Two of 3 patients with brain metastases achieved PR as assessed by RECIST v1.1 in this cohort. In arm B, since there was no tumour response in the first 5 patients treated with 200 mg and,
given concerns that there may be insufficient exposure to epertinib at this dose, no additional patients were enrolled. However, the clinical benefit rate was 80%. In arm C, the ORR at 400 mg was 56% (5/9 patients). Interestingly, 4 of Fig. 1 Antitumour activity (a) and duration on treatment (b) for patients in the recommended dose cohorts for each arm. Partial regression of brain metastases in a 53-year-old patient after 59 days of treatment with epertinib 400 mg in combination with trastuzumab plus capecitabine in arm C (c). Brain metastases first appeared during prior treatment with trastuzumab with capecitabine, and the patient underwent whole-brain radiotherapy followed by T-DM1. After further progression in the brain the patient was enrolled in this study. T: trastuzumab, L: lapatinib, K: T-DM1, P: pertuzumab, V: vinorelbine, C: capecitabine, BM: brain metastases 7 patients previously treated with capecitabine experienced PR in this cohort. One of two patients with brain metastases showed partial regression of CNS lesions as assessed by RECIST v1.1 (Fig. 1c) . Across cohorts, a reduction in the longest diameter was observed in 4 of 5 patients with CNS target lesions (Additional file 2: Figure  S2 ). This included all patients treated in the recommended dose cohorts (arm A; N = 2 and arm C; N = 2).
Discussion
In combination with trastuzumab, 600 mg daily of epertinib was defined as the recommended dose based on the safety data. The most frequently occurring AE in this cohort was diarrhoea, which could be managed by anti-diarrhoeal medication and/or dose reduction. At this dose, epertinib plus trastuzumab showed a remarkable response rate (67%) in patients heavily treated with regimens including trastuzumab, T-DM1, lapatinib, pertuzumab and chemotherapy. This may indicate greater efficacy for dual therapy with trastuzumab, given the 19% response rate that was observed with epertinib monotherapy at a higher dose of 800 mg in HER2-positive MBC [10] . Additional benefit for combination with trastuzumab over single agent epertinib, despite previous disease progression on a trastuzumab-containing regimen, would be consistent with observations with other HER2-directed tyrosine kinase inhibitors. For example, the combination of lapatinib plus trastuzumab was superior to lapatinib monotherapy in HER2-positive MBC that had progressed on trastuzumab in terms of median progression-free survival (PFS), although not response rate [11] .
In clinical practice, trastuzumab is often continued beyond progression with a switch to an alternative combination chemotherapy agent, as this improves outcomes compared with chemotherapy alone [12] . Standard firstline therapy in MBC is trastuzumab plus taxane with or without pertuzumab, and the chemotherapy regimens tested with epertinib and trastuzumab in this trial where chosen with this standard of care in mind. In combination with trastuzumab plus vinorelbine, 200 mg of epertinib was defined as MTD because of grade 4 neutropenia [13] . There was no pharmacological interaction between epertinib 200 mg and vinorelbine based on plasma exposure, although a PK analysis could not be completed in the two patients treated in the 400 mg cohort because of drug cessation related to the DLTs. Since neutropenia has not been reported in patients receiving monotherapy with epertinib [9, 10] , or observed in arms A or C our study, it is likely that it was attributable to the vinorelbine in arm B. At an epertinib dose of 200 mg in combination with trastuzumab plus vinorelbine, there were no tumour responses in the first 5 patients and so recruitment to this arm was halted.
Trastuzumab plus capecitabine combination therapy is considered to be effective in heavily pre-treated HER2-positive MBC [12, 14] . The PHEREXA study has demonstrated that the addition of pertuzumab to trastuzumab plus capecitabine did not significantly improve PFS [15] ; objective response rates were 33% with trastuzumab plus capecitabine, and 41% with pertuzumab and trastuzumab plus capecitabine. Although we cannot draw direct comparisons, in our study the objective response rate with epertinib 400 mg in combination with trastuzumab plus capecitabine was 56%, despite prior capecitabine treatment in 7 of 9 patients, supporting further investigation of this regimen.
Capecitabine plus lapatinib has been approved in HER2-positive MBC previously treated with trastuzumab and is often favoured for patients with brain metastases [16] . Combining chemotherapy with HER2-directed therapy for the management CNS disease is further supported by the activity of capecitabine plus neratinib in patients with treatment-refractory brain metastases treated within the TBCRC 022 study [17] . The CNS response rate of 49% compared favourably to the 8% response rate that was previously reported for a TBCRC 022 neratinib monotherapy cohort [18] . In our study, prolonged disease stabilisation (≥ 6 months) was seen in 2 of 3 patients with brain metastases in arm A, and a partial response in brain metastases occurred in one of 2 patients in arm C. All patients had received prior radiotherapy and experienced subsequent CNS progression. We have recently reported that both epertinib and lapatinib accumulate to a comparable extent in tumour deposits of a rapidly growing mouse brain metastasis model. By contrast, only epertinib accumulates in brain metastases derived from a slow-growing tumour cell line, in which the blood-tumour barrier can be considered to be intact [8] . These pre-clinical observations, combined with our clinical findings, suggest that epertinib may be particularly effective in preventing or controlling brain metastases in patients.
Conclusions
Combination therapy of epertinib with trastuzumab showed robust antitumour activity with manageable diarrhoea even in heavily pre-treated patients. Epertinib in addition to trastuzumab, with or without capecitabine, could be an effective regimen to treat refractory HER2positive breast cancer, including those patients with CNS metastases, and merits further clinical evaluation.
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